Possible stereochemical determinants of the orientation of TBP on the TATA box are discussed using the crystal coordinates of TBP-TATA complexes, which have been determined by other groups. The C-terminal half of the TBP β-sheet interacts with the TATA site of the DNA, and the N-terminal half with the A-rich site, so that the two sites with distinct curvatures produce a unique fit. Although chemical contacts take place between one side of the β-sheet and the DNA minor groove, the interaction seems to be facilitated indirectly by the characteristics of the other side of the β-sheet and the DNA major groove. Thus, Ala71, Leu162 and Pro190 differentiate the curvature of the β-sheet in the N-and C-halves. The methyl positions in the DNA major groove modulate the bendability of the two DNA sites by using differences in the rolling capacity of TA and AT compared with PyT, and in the shifting capacity of AT compared with TT. The deformations of the first steps (TA and PyT) in the two sites are the largest and thus are important for the overall bending of the DNA. The differences between the two DNA sites are greatest at the second steps (AT and TT) and so these are important for determining the orientation of TBP.
INTRODUCTION
In most eukaryotic systems of protein transcription, the TATA box is positioned upstream of the transcription initiation site (1) (2) (3) (4) (5) (6) (7) (8) (9) . Half of its sequence, 5′-TATA-3′, is conserved well (referred to as the TATA site in this paper), while the other half is less so but generally has many adenine bases (referred to as the A-rich site).
Upon initiating transcription, the TATA box-binding protein, TBP, binds to the DNA, contacting the TATA site by its C-terminal domain and the A-rich site by its N-terminal domain. This polarity determines the direction of transcription through further interaction between TBP and RNA polymerase II. It is possible that some other proteins which interact with TBP might help for fixing the orientation, but it is more likely that TBP by itself is able to do so, since the orientation is kept in the same way in the two TBP-DNA complexes co-crystallised in the absence of such a protein [the two structures are referred to as the Yale (10) and Rockefeller (11) structures].
It has been noticed that van der Waals contacts are important for TBP-TATA interaction (10, 11) , and it has been suggested that possible differences in the flexibility of two DNA sites might be important for fixing the orientation (10) (11) (12) . However, no stereochemical characteristic of the DNA or TBP involved in such a mechanism has been specified. On the contrary, the structures have provoked a number of puzzling questions.
The N-and C-domains of TBP have the same composition of secondary structural elements and very similar three dimensional structures, and thus it is not immediately obvious why the two domains can choose different partner sites. In fact, the chemical contacts between the TBP domains and the DNA sites are quite similar in the two sets. In addition, the TATA and A-rich sites are moulded into similar structures, while the two sequences are expected to behave in very different ways (12, (14) (15) (16) .
In this paper to answer the above questions we re-analyse the co-crystal structures using their atomic coordinates. The first step is to examine whether the two halves of the complexes are indeed as similar as they appear.
COMPARISON OF THE TWO HALF STRUCTURES
Each domain of TBP is composed of two α-helices and five β-strands. The ten β-strands of the two domains fold into a single β-sheet, and eight β-strands among the ten fit around the minor groove of the DNA closely (Fig. 1a) .
The three dimensional structures of the two halves of the complexes were compared with each other by duplicating each crystal structure. One of the two identical models (shown in yellow in Fig. 2a and b) was rotated around the pseodo-dyad axis, and the N-terminal eight residues of β-strand 1 (residues 24-31, here the numbers are given by those of the Rockefeller structures, unless stated otherwise) and α-helix 2 (residues 87-98) in the N-domain were optimally superimposed onto their counter parts (residues 24-31, and 178-189, respectively) in the C-domain of the other model (blue) and vice versa.
In all the four structures (each of the Yale and Rockefeller structures has two molecules in the asymmetric unit) the * To whom correspondence should be addressed curvature of the TBP β-sheet is larger in the C-domain than in the N-domain, and, as a consequence, the C-terminal half of the β-sheet is curved more towards the DNA ( Fig. 2a and b) . For better fitting with the C-domain, the TATA site of the DNA bends more around the major groove than the A-rich site ( Fig. 2c and d) . We therefore propose that the different curvature of the β-sheet in the two domains is used to choose their native partner sites by detecting the different bendability of the two DNA sequences.
Three key amino acid positions in TBP
The difference in curvature at the C-and N-terminal halves of the β-sheet is kept essentially the same even in the absence of DNA (data not shown, see also [21] [22] [23] , and thus it is likely to be fixed by the protein itself.
Alternate positions along the β-strands face the DNA on one side of the β-sheet (here referred to as the DNA side, Fig. 1f ) and ) and that of the two DNA sites (c and d). Two models were created using the same set of TBP-TATA co-crystal coordinates (those of the Rockefeller structure were used in a and c, while those of the Yale structure in b and d). One of the two identical models was rotated around the pseudo-dyad axis (shown by the broken line), by best overlapping the N-terminal eight residues of β-strand 1 (residues 24-31) and α-helix 2 (residues 87-98) in the N-half onto their counter parts (residues 114-121, 178-189) in the C-half of the other model. In (a) and (b) the DNA structures are omitted. Pro190 and Pro323 in the C-domains are indicated. In (c) and (d) the TBP structures are omitted. The green DNA molecule binds to the yellow TBP, placing the TATA site on the left, and the A-rich site on the right, and the red DNA binds the blue TBP. The figure was prepared by using the program Molscript (31). M and m: the major and minor grooves, respectively. the rest face the α-helix 2 on the other side (here referred to as the H2 side, Figs 1d and e, 2a and b). If each pair of equivalent amino acid positions on the two sides were occupied by the same types of amino acid residues, the two sides would be identical, and thus the β-sheet would not curve around the DNA. In reality, the sizes of residues on the H2 side are generally larger than those on the DNA side in the C-domain, while smaller in the N-domain (Fig.  1d) . By such positioning, the curvature of the β-sheet at the C-half is likely to be enhanced, while that at the N-half is relaxed.
Not much difference is found between the two halves at amino acid positions on the DNA side except in strands 1 (Fig. 1f) , but on the H2 side, most positions in the C-terminal half are occupied by amino acid residues larger than those found at the equivalent positions in the N-terminal half. In particular, closer inspection suggests that Ala71 and Leu162 on the H2 side are likely to be the key residues (doubly circled in Fig. 1e ). The smallest van der Waals' distances from the side-chain atoms of Leu162 to the nearby six positions are shorter, by ≥0.5 Å, than the equivalent distances measured from Ala71, except for the Leu162-Ile164 distance (4.3-4.5 Å ), which is slightly longer than its equivalent, Ala71-Ile73 (4.2 Å ) (Fig. 1e) .
Leu162 itself is a large residue, and is surrounded by other large residues, Tyr153 and Met155, and branched residues, Ile160, Ile164, Ile170 and Ile172. It is the tight packing of these residues that appears to create the higher curvature. In contrast, most of the residues surrounding Ala71 are smaller than the residues at the equivalent positions in the C-terminus. In brief, Leu162 and Ala71 are found at the centres of patches, respectively, of tightly packed larger residues, and of loosely packed smaller residues.
Helix 2 packs against the β-sheet (Fig. 2) . In the C-domain, helix 2 kinks towards the DNA at Pro190 (Pro232 in the Yale structure), while in the N-half it is straighter (Fig. 2a and b) . The proline is well conserved in the C-domain but not found at the equivalent position in the N-domain. Thus Pro190 is another key residue which is likely to assist the increased curvature of the β-sheet by kinking helix 2 towards another key residue Leu162 (Ile122 in helix 2 contacts Leu162). In the N-domain the straighter helix 2 faces Ala71, which is smaller (Tyr97 in helix 2 contacts Ala71).
Positions of methyl groups in the DNA major groove
As a whole the DNA is helically untwisted and considerably bent around the major groove, exposing the minor groove to TBP (Figs  1a and 2 ). Here the bases are numbered as follows:
An A·T base pair has a CH group (C2′H of A) near the centre in the minor groove, which can be used for hydrophobic contact, and two hydrogen bond acceptors (N3′ of A and O2′ of T) on both sides of the CH. Thus it seems very difficult to discriminate between A·T and T·A base pairs on their minor groove sides. Clear differences are, however, found on the major groove sides-i.e. in the position of the methyl group of the T base. The bulky methyl group of a T base is found at the far end of the major groove edge and restricts the DNA conformation in many ways (19, 20) .
Bending the TATA box around the major groove pushes the methyl groups towards each other within the groove (Fig. 2c and d) . This seems to be easily done at the TATA site, since the methyl groups are positioned on alternating strands along the groove (Fig.  1b and c) . The methyl-methyl distances change from 8.6-11.1 in the standard B-conformation to 6.6-10.6 in the TBP structures. In an A-tract the methyl groups of neighbouring T bases are only 4.8 apart even in the standard B-conformation, and become even closer, 3.8-4.2 apart, upon binding TBP. Thus even though the A-rich site is bent to a lesser extent than the TATA site, it nevertheless appears to have been bent up to the limit of the structure.
Dinucleotide steps crucial for adapting to the TBP surface
Six parameters are used for describing the geometrical relationship between two neighbouring base pairs (24; Fig. 3 of this  paper) . Among the three rotational angles (helical twist, roll and tilt) the roll parameter is the most important for understanding the bending of DNA (25; Fig. 4i of this paper) .
The T 1 A 2 step shows the highest rolling (of ∼48 degrees). The A 7 (A/G) 8 step (or the (T/C) 1 T 2 step) rolls to a lesser extent (∼42 degrees). The neighbouring A 2 T 3 step rolls higher than its equivalent T 2 N 3 (20_ versus 15_). Together, the two pairs of steps differ by roughly 12_ in rolling.
The third step in the A-rich site, T 3 (A/T) 4 , rolls higher than T 3 A 4 , but this might not compensate for the above difference in rolling appreciably, since, because of the accumulation of helical twisting of the steps, the phase of the third step (the direction of bending) is not close to that of the first step.
In general the rolling of a TA step is easier than that of AT or TT/AA (20) . The methyl groups of the two T bases in TA are separated from each other. In addition, helical untwisting of the step is coupled with the rolling (26) , and it moves the sugar-phosphate backbones further away from the methyl groups (Fig. 4f) . Thus no serious steric hindrance is expected for the methyl groups. In an AT step, however, the T bases tend to stack tightly onto the A bases in the neighbouring base pairs (Fig. 4b) and the methyl to sugar-phosphate distances are shorter than those in a TA step (compare Fig. 4b with c) , which makes rolling of AT more difficult. In a TT step the two methyl groups and the nearby sugar-phosphate group are interlocked with each other and thus any movement is difficult ( Fig. 4a and d) . The above explains the different degree of rolling found at T 1 A 2 and (T/C) 1 T 2 , and that of A 2 T 3 and T 2 T 3 .
Among the three translational distances (rise, slide and shift) the shift parameter can contribute best for adapting to the curved TBP surface (Fig. 4g and h ). The A 2 T 3 step shifts more (∼1.3 Å, Fig. 4g ) than the T 2 T 3 step (∼0.5 , Fig. 4h ) in the negative direction. In the A-rich site, shifting of the neighbouring (T/C) 1 T 2 step (by ∼0.54 Å) is also observed. However, shifting at a single step (Fig. 4h) can create a curvature larger than shifting of a similar length divided between two successive steps (Fig. 4g) .
Shifting of the A 2 T 3 step is accompanied by sliding of the step (Fig. 3) . Negative shifting ('1' in Fig. 4e ) moves the sugar-phosphate backbone towards the nearby methyl group ('2'), and this will slide the step in the negative direction ('3'). Movement of this type is possible for a TA step but seems difficult at a TT step since the other methyl group is blocking the way. The above can explain the differences found in the shifts of A 2 T 3 and T 2 T 3 .
In summary the differences in the curvature at the two DNA sites are created by the differences in the rolling capacity of TA and (T/C)T, and of AT and TT, and the differences in the shifting capacity of AT and TT. The deformation of the first steps is the largest and determines the overall structure of the DNA. The differences between the two DNA sites are greater at the second steps and thus are important for the orientation of TBP. It should be noted in this context that the three key residues are positioned closest to the second step (Fig. 1) . In (a), (b) , (e) and (f) the T 1 A 2 /T 7 A 8 and (A/G) 7 A 8 /T 1 (T/C) 2 steps, and the A 2 T 3 /A 6 T 7 and A 6 A 7 /T 2 T 3 steps are marked, respectively, with closed and open triangles. The +/-sign of the two parameters, tilt and shift, is dependent on the direction in which the base pairs are followed-i.e. if the structure is rotated by 180_, the sign becomes reversed. For direct comparison of the two half sites those parameters for the right half are plotted according to the reversed axis shown on the right. If, for example, the tilt angle of A 2 T 3 is +10_ and if that of T 6 T 7 is -10_, that of A 2 A 3 is +10_, and thus the two steps are identical. Calculation of the parameters was carried out using a computer program (32, 33) .
SOME OTHER CHARACTERISTICS OF THE DNA
The T 3 A 4 (Rockefeller and Yale) and T 3 A 4 (Yale) steps show positive high sliding. A gap is found between two lines of the hydrophobic residues (circled in Fig. 1c ) which contact the C2′H atoms of A bases-i.e. Val(aa39, aa119), Val(aa80, aa171), and Leu(aa72, aa163). To cross over this gap the positive sliding of the dinucleotide steps seem to be used.
In general, TA is the only step which can slide to a large extent in the positive direction among the A/T-rich sequences (20; see also An A·T base pair has a tendency to show high propeller twisting (27) . At the two highest positively rolled steps, T 1 A 2 and (T/C) 1 T 2 , the A 2 ·T 7 base pair has high positive propeller twisting, and T 7 ·A 2 has negative propeller twisting (Fig. 5c ). Thus independent of whichever strand the T base is on, an A·T base pair propeller twists so that the T base moves away from the nearby base pair on the major groove ( Fig. 5c and d) . As a consequence, the partner A base becomes closer to the nearby base pair but this is less problematic as the A base is slimmer. in d) would move the sugar-phosphate backbone (P) closer to the nearby methyl group ('2'), and thus is tolerated only to a small extent. When it takes place, to avoid the clash, the methyl group moves in the direction shown by a white arrow (a), which creates small positive sliding. (b and e) Negative shifting of an AT step ('1' in e) and the approach of the sugar-phosphate backbone to the methyl group ('2' in e) can be tolerated by negative sliding ('3' in e). In other words by helically untwisting (shown by a white arrow in b) the methyl group moves away from the sugar-phosphate backbone, and thereby create negative sliding and negative shifting of the step. (c and f) A TA step can adopt the same tactics as in (b) and (e). Alternatively, it can roll in the positive direction ('1' in f), which is accompanied by helically untwisting ('2' in f) and thereby pushing the sugar-phosphate backbone away from the methyl groups. (g and h) Shifting of the A-rich (g) and TATA (h) sites and rolling of a dinucleotide step (i). The numbers shown are those of average of the Yale and Rockefeller structures.
The nucleotide sequences of the TATA box which are found in the real eukaryotic transcription systems (28) and those which are strongly bound by TBP in vitro (13) are similar as a whole, except for position 5, which is occupied frequently by an A base in vivo but by a T base in vitro. Such a discrepancy might not be so surprising, since the in vitro sequence is important only for binding but the in vivo sequence is important also for fixing the orientation of TBP. Thus a symmetric and flexible sequence, TATATATA, is a good in vitro binding site but is found less frequently in vivo.
The DNA sequence in the Yale structure is of the in vitro type, TATATAA(G/A), while that in the Rockefeller structure is of the in vivo type, TATAAAA(G/A). As a whole, because of the more symmetric nature of the nucleotide sequence, the Yale DNA structure is more symmetric than the Rockefeller DNA structure (compare the roll angle and the slide distances at T 5 A 6 and A 5 A 6 in Fig. 3) . Thus, for transcriptional regulation the less symmetric Rockefeller sequence seems to be preferable. The A 4 T 5 and T 5 A 6 steps in the Yale structure have conformations distinctly different from each other-the former mainly rotates, while the latter slides (Fig. 3) . However, the A 4 A 5 and A 5 A 6 steps in the Rockefeller structure behave in similar ways, probably up to the limit of the freedom in movement by an AA step. The above arguments can explain why the TATATAA(G/A) sequence is a better binding site but is less frequently used in vivo.
CONCLUSION
The minor groove side of an A·T base pair is smoother than that of G·C (note N2′H 2 of G). Thus, for making van der Waals contacts with TBP an A/T-rich sequence is appropriate. For fixing the right orientation of TBP, the two halves of the TATA box are differentiated, one half to the flexible TATA sequence, and the other to a less flexible A-rich sequence by arranging T bases differently. Positioning of the methyl groups on the inner surface of the complex is correlated with the positioning of large/small amino acid residues on the outer surface through the bendability/ curvature of the two molecules. Many characteristics of the TBP-binding sites can be explained consistently by focusing attention on steric hindrance of the methyl groups of the T bases.
